In this work, the results of the electrocoloration of strontium titanate single crystals with different iron concentrations are presented. The samples of SrTiO 3 ð100Þ doped with 0:06 at: % and 0:13 at: % of iron were electroreduced at low pressure (10 À8 mbar) and elevated temperature (250 C) using a DC voltage of 200 V. This led to the migration of oxygen vacancies and subsequent electrocoloration of the samples, which was confirmed by optical analysis and electrical measurements. Evolution of the color front was compared with finite element calculations of electric potential indicating good agreement. Both macroscopic and nanoscopic measurements showed insulator-metal transition at several hundreds of seconds (0:06%Fe) and resistive switching behavior. We found that the resistive switching is clearly modified by the oxygen partial pressure of the ambient atmosphere. Moreover, after electroreduction, in the region between the electrodes, stripes can be found following simple crystallographic directions connected with the extended defects and easy diffusion paths also observed in the single crystals of undoped strontium titanate. Furthermore, migration of negatively charged oxygen ions towards the anode led to the formation of oxygen bubbles trapped between the surface of the crystal and the electrode. Using atomic force microscopy, we were able to measure the geometry of a bubble and calculate the oxygen pressure necessary for the formation of such bubbles and the total amount of oxygen ions trapped within. V C 2013 American Institute of Physics. [http://dx
I. INTRODUCTION
Strontium titanate (SrTiO 3 -STO) is an insulator with a 3:2 eV band gap, and thanks to its simple cubic structure in a wide temperature range, 1 it is considered to be a model perovskite material. The range of applications of STO is very wide, while one of the latest implementations is the substrate for the high-Tc superconductors 2 and the high-k dielectric for CMOS. 3 Recently, STO has received a great deal of scientific attention due to the resistive switching (RS) phenomena 4 and is a good candidate for building a new type of memory-the resistive random access memory (RRAM). 5 It was discovered that the metal-insulator (MI) transition is necessary for RS behavior and that the origin of MI in perovskites is due to the difference in the oxygen vacancy concentration along the network of extended defects. 6 The extended defect can act as an easy diffusion path enhancing ionic conductivity by at least several orders of magnitude, therefore, even moderate thermal treatment under reducing conditions can introduce sufficient oxygen vacancies for the MI transition. 7, 8 The other possibility of introducing MI transition is the electric field. In fact, it has been known for over 50 yr that that the dc-voltage stress increases the conductivity of STO single crystals. 9 This is termed electroreduction and is correlated with electrocoloration phenomena. It is observed in many perovskites, and has been investigated in STO by several authors. 6, 10 In particular, the results obtained by Waser et al. 11 on Al-doped, Ni-doped, and Fe-doped STO single crystals led to some interesting conclusions:
1. In the case of Fe-doped STO, the conductivity increase during the electrodegradation process depends strongly on the iron concentration and was found to be much higher for lower Fe concentrations. 2. Electromigration of oxygen vacancies and the difference in their concentration in the crystal is the basis for the electrocoloration phenomena. 3. The oxygen partial pressure of the ambient atmosphere has no influence on the electrocoloration (electrodegradation) process.
Consequently, the quantitative model for resistance degradation was established on the basis of the point defect chemistry and transport equations. 12 This model proved to be very reliable in several cases such as the calculation of temperaturedependent ambipolar diffusion coefficients 13 or the conductivity profiles after dc stress in iron-doped STO. In similar ternary oxides, the electrocoloration process was also connected with the melting of oxygen vacancy ordering and the associated redistribution of carriers.
14 Equally, the self-order 15 and clustering 16 of oxygen vacancies was also observed in STO.
In general, we found good agreement with the previously reported data, although our results on RS behavior after electrocoloration showed that in fact the STO crystal is an open system and there is a significant exchange of oxygen with the a) mwojtyniak@us.edu.pl. surrounding atmosphere. Moreover, due to the inhomogeneous electrical behavior related to extended defects in STO especially on the nanoscale, we believe that it is difficult to successfully describe the properties of investigated material using defect chemistry only. Additionally, in all of the previous electrocoloration experiments, the electrodes were either sputtered or attached to the sides of the investigated samples. Those are not very favorable conditions, since it was shown that the density of dislocations depends on the distance from the surface and is higher in the actual surface compared to the bulk. 17 In the results, the defect concentration close to the surface can be several orders of magnitude higher than in the bulk. Therefore, in our work, we introduced a completely different electrode geometry in order to exclude the edges and sides of the crystal, as can be seen in Fig. 1 . Moreover, we used additional electrodes between the anode and cathode to measure the electric potential of each of the electrodes. This gave us the opportunity to calculate the potential drop not only for the whole sample (/ 1 À / 4 ) but also for the anode region (/ 1 À / 2 ), cathode region (/ 3 À / 4 ), and the center (interior) region far from the electrodes (/ 2 À / 3 ). Thus, at any point of the experiment, we were able to characterize the electrical behavior such as R(T) curves or RS, for the anode, cathode, and the interior of the crystals, which is a clear advantage in contrast to standard measurement methods found in many publications. Last but not least, a careful investigation was made of the oxygen bubble formation under the anode electrode, specially considering the geometry of the bubble, the oxygen pressure necessary to form it and calculation of the number of oxygen ions trapped inside visible bubbles.
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II. EXPERIMENTAL
The Verneuil-grown single crystals of SrTiO 3 doped with 0:06 at: %Fe and 0:13 at: %Fe were cut into 10 Â 10 Â0:5 mm 3 samples and epi-polished from both sides ((100) orientation-CrysTec, Berlin). Platinum electrodes with diameters of 1.0 (anode and cathode) and 0.3 mm (inner electrodes) were formed on top of the crystals. In the case of 0:06%Fe-doped sample, the 20 nm thick Pt electrodes were sputtered and in the case of 0:13%Fe-doped sample the electrodes were attached using high-purity Pt paste. Electrical measurements were preformed with two Keithley 6524 electrometers and a programmable current source Keithley 224, and the temperature was controlled by a Lake Shore 340 temperature controller. The electroreduction procedure was performed at a temperature of $250 C under a low pressure of 10 À8 mbar. The positive dc voltage was applied to one of the anodes with current compliance set to 10 mA ð100 mA at further stages). During electroreduction, the potential drop was measured for all electrodes at all times. Local conductivity atomic force microscopy (LC-AFM) measurements were performed using the Omicron STM/AFM VT-50/500 UHV system, equipped with Pt-coated conducting tips.
III. RESULTS AND DISCUSSION
Qualitatively, results for both 0:06%Fe and 0:13%Fe doped samples were very similar, although the sample with lower iron concentration was formed significantly faster the color front emerged in a few minutes compared to several days for the sample with higher iron content. Moreover, the sputtered electrodes had much better geometry compared to those attached by paste, therefore, most of the results presented here are for the sample with lower iron content (SrTiO 3 þ 0:06%Fe). The color of the as-received crystal was slightly brownish due to the Fe doping. The experiment was started by first heating the sample to 250 C and then applying the maximum available voltage of 200 V with the current compliance set to 10 mA. At the same time, measurement of the electrical behavior versus time was started. The first 1000 s (approximately 16 min) of electrical behavior can be seen in Fig. 2 . It is worth mentioning that the initial resistivity of the sample was roughly equal to 10 MX (taken from the first measured value after 5 ms of the experiment) and decreased quickly with time. The resistivity decrease can be seen from the behavior of the total current flowing through the sample (inset of Fig. 2 ), which increased by roughly 3 orders of magnitude during the first 200 s to the value limited by the current compliance. The qualitative explanation of the electrocoloration process includes the fact that under our experimental conditions (temperature close to 250 C) only the oxygen vacancies are considered to be mobile and the main point defects in the STO lattice are the Schottky defects. 18 Therefore, the electric field causes the 10 The existence of a path consisting of oxygen vacancies after the electrical stress (known as electroformation) was also shown in chromium-doped STO by X-ray absorption near-edge spectroscopy (XANES) experiments. 19 Simultaneously, a voltage drop was observed across the different parts of the crystal and directly correlated with the oxygen vacancy concentration in the crystal in the following manner: increase (accumulation) of oxygen vacancy concentration at the cathode decreases its resistivity, while the opposite process is observed at the anode (Fig. 2) . At the same time, optical characterization showed that the two differently colored regions started to grow and moved towards each other until they touched. Next, the two regions grew covering the entire sample volume-Figs. 3(b)-3(h). The details of the dark front movement along with the corresponding voltage drop can be found in Table I . It was shown that the observed colors are characteristic of the reduced and oxidized forms of the iron in a Fe-doped STO single crystal. 10, 20 The dark color around the anode originates from the presence of Fe 4þ , while the light yellow color around the cathode originates from the iron at lower oxidation states Fe 3þ .
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More recent examinations by electron paramagnetic resonance, Raman scattering, and X-ray absorption of a very similar system-electroreduced 0:2 wt: % Fe-doped STO single crystal revealed more detailed characteristics, namely, the presence of cubic Fe 3þ centers with part of axial Fe 3þ À ½V ÁÁ O in the cathodic region and predominance of Fe 4þ in the anodic region. 22 The general shape of the color boundary (front) emerging from the electrodes is consistent with the finite element calculations of the in-plane and out-of-plane electric field potential presented in Fig. 4 . The calculations assumed homogeneous conductivity of the material. In our case, it can be seen that in the first several hundred seconds of electrocoloration the color front is jagged with characteristic fingers reaching in between the electrodes- Figs. 3(b)-3(d) . The observed inhomogeneity is the result of the existence of easy diffusion paths, which enhance the ionic transport. An additional example of enhanced ionic conductivity can be found in Fig. 3(h) , where a small disturbance close to the very edge of the crystal can be seen (left side). The bright color there advances further down than in any other part of the crystal at this time. We can easily correlate this with the fact that the surface (or in this case edge) of the crystal has a higher density of defects than the bulk, 17 which will increase the migration speed of the oxygen ions.
With longer experimental times (up to 100 h), the reduced region expands into the oxidized region as seen in Fig. 5 . This could be explained by the fact that the ionic current is not completely blocked by the anode and by the crystal surface, and a substantial amount of oxygen is released. Since the oxygen was released only in the region with a high positive electric field (anode), the formation of characteristic bubbles can be observed-Figs. 6(b) and 6(c)-which are formed by the oxygen trapped under the electrode and deforming the electrode material. Other examples of oxygen bubbles formed under similar conditions can be found in various references. 4, 23 Detailed characterization of the bubble geometry by the AFM (not presented) gave us the opportunity to approximately calculate the pressure necessary for the formation of such bubbles and to estimate the total amount of oxygen ions trapped inside. For the calculations, we adopted the analytical solution for the bending of a uniformly loaded plate with a radius of a, clamped at the edges 24 as shown in the following equation: 
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where h is the average bubble height and P 0 is the pressure of oxygen inside the bubble. The assumed geometry in the model is presented in Fig. 7 . D is flexural rigidity given by
where s is the plate thickness, E is the Youngs modulus of the plate material, and v is the Poisson ratio of the plate material. Taking the data from Ref. 25 for the mechanical properties of thin platinum films and data from AFM measurements, we were able to calculate the average oxygen pressure inside the bubble to be equal to 6:91 Â 10 7 Pa. Combining this information with the average volume of the bubble and the temperature during the experiment, we were able to calculate the approximate number of oxygen ions trapped in the bubble. We adopted the equation of state given by the Redlich-Kwong equation of state modified by the Soave equation of state 26 with the critical parameters for the oxygen taken from the literature 27 and obtained the value of n ¼ 2:0 Â 10 8 per bubble. Using optical microscopy, we found approximately 10 5 bubbles in the anode area, thus, allowing us to estimate the total amount of oxygen released under the anode electrode during electrocoloration to be close to 2 Â 10 13 or 10 14 cm À3 in terms of volume. It must be kept in mind that this value is the lower limit for the amount of released oxygen due to the partial transparency of the platinum films 28 or the fact that not all released oxygen could be trapped under the electrode. Although this value cannot be compared directly with other types of measurements, we can try to place it in the context of the oxygen release under the high vacuum condition and elevated temperature in effusion experiments. In the case of undoped STO, the value of 3 Â 10 14 cm À3 was reported 7 to be very close to our result. On the other hand, we cannot be sure that this amount of oxygen was in fact completely removed from the crystal; it could be possible that after the electroformation experiment, that part of oxygen trapped inside the bubbles (high pressure of P ¼ 6:91 Â 10 7 Pa) was incorporated back into the crystal. Moreover, a nice example of filamentary transfer can be found in the sample after electrocoloration, namely, the formation of stripes following the [100] and [010] directions emerging from the anode and propagating towards the cathode-in Fig. 6(b) . The temperature measurement was performed after some hours of electrocoloration. At the 20th hour of the experiment, all parts of the sample displayed semiconducting behavior- Fig. 8(a) . The total resistivity at room temperature decreased to 4 kX. After the next 60 h, the resistivity dropped further to 100 X as seen in Fig. 8(b) . Moreover, the electrical behavior of the electrodes and the interior of the sample changed from semiconducting to metallic behavior. We continued the experiment for a total time of 100 h resulting in the resistivity decreasing to 50 X at room temperature. It can be observed that the changes in electrical behavior can be correlated with color changes as seen in Figs 
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sample. The dark region of oxidized STO as well as the bright yellow color of the reduced STO shrank leaving a uniformly colored sample after 80 h- Fig. 5(g) . Judging from the electrical measurements and from the fact that the new color emerged from the region between the anode and cathode where the oxygen vacancy concentration is highest 19 we can conclude that it originates from the high electron concentration (compensating high ½V ÁÁ O concentration). This is consistent with the fact that thermally reduced samples are also much darker than before reduction and that during our experiment the oxygen was continuously removed both by electric field and thermal reduction (substantial Joule heating at reducing atmosphere of 10 À8 mbar). After approximately 100 h, we concluded the experiment and optical images of the sample were made- Fig. 5(h) . The edges of the crystal became brighter, again beginning from the region with the highest defect concentration (edge). Looking closely at the temperature measurements, indications of resistive switching phenomena can be found- Fig. 8(b) and more clearly in (c). The rapid jumps in the resistivity, observed only near the anode, are related to switching between the on and off states by the conducting filaments. When the measurement was made, the system was far from equilibrium, therefore, the removal of oxygen due to the electric field was countered by the migration of oxygen from the bulk through the network of extended defects, causing observable random changes in the conductivity. To confirm the RS behavior, the voltagecurrent (V-I) characteristics were recorded at different partial pressures- Fig. 9 . The RS hysteresis is clearly visible, and is limited to the bulk and the anode, while there is no hysteresis at the cathode. We conclude that a very high concentration of oxygen vacancies at the cathode prevents the switching, and thus, the cathode is always in the on (low resistance) state. It could be predicted that by increasing the oxygen partial pressure at the surrounding atmosphere, the RS behavior would increase thanks to the additional oxygen incorporated into the sample. The effect of increasing the pressure to 10 À1 mbar is indexed by the ox arrow in Fig. 9 . Indeed, the RS hysteresis is extended, proving that the system is very 
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susceptible to the oxygen pressure in the ambient environment. The observed changes were almost instantaneous, indicating that the process of incorporating the atmospheric oxygen into the lattice (bulk) is very fast (thanks to the presence of fast diffusion paths). Finally, after the experiment, samples were removed and transported ex situ into the UHV AFM/STM system. During this process, due to re-oxidation at ambient atmosphere, the color further changed into the situation visible in Fig. 10(d) . The brownish/yellow color observed in the virgin sample was partially restored at the sample edges. The local conductivity AFM experiments performed in different regions are consistent with the previous results. The voltage applied to the conducting tip was set to À3 V for all measurements. The topography and the local conductivity maps are presented in Figs. 10(a)-10(c) . The cathode and the interior regions are display good conductivity, showing a large number of conducting spots (with a diameter of 10À12 nm)-the exits of the extended defects. At the same time, the anode region is poorly conducting. The RS behavior is also confirmed, as visible in Fig. 10(e) showing that also in the nanoscale, the anode exhibits the greatest changes in conductivity.
IV. CONCLUSIONS
We have shown that by means of the electrical stimuli we were able to induce the metal-insulator transition in a single crystal of strontium titanate doped with iron. Moreover, the dynamics of the MI transition, combined with the formation of streaks between the electrodes during the electroformation on the macro-scale and inhomogeneous conductivity on the surface on the nano-scale, indicate the existence of fast ion transport paths (filaments) and the network of extended defects. The question concerning the exact nature of the enhanced ion transport remains open, in particular, if the ion (oxygen vacancy) mobility is increased due to the lower symmetry in extended defects compared to the volume or if the fast transport may be caused by a local thermal excitation (regarding a filament as a "heating rod" due to the higher electronic conductivity along extended defects). The electrocoloration experiment demonstrated a strong connection between the evolution of the color front and the electrical properties of the investigated crystal. The resistive switching was also clearly shown, both on the large and small scale. Additionally, calculations of the total amount of oxygen removed from the crystal were performed, based on the formation of oxygen bubbles under the platinum electrode.
